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We performed terahertz time-domain spectroscopy, low-frequency Raman scattering, and Brillouin light
scattering on vitreous glucose to investigate the boson peak (BP) dynamics. In the spectra of α(ν)/ν2 [α(ν)
is the absorption coefficient], the BP is clearly observed around 1.1 THz. Correspondingly, the complex dielectric
constant spectra show a universal resonancelike behavior only below the BP frequency. As an analytical scheme,
we propose the relative light-vibration coupling coefficient (RCC), which is obtainable from the combination of
the far-infrared and Raman spectra. The RCC reveals that the infrared light-vibration coupling coefficient CIR(ν)
of the vitreous glucose behaves linearly on frequency which deviates from Taraskin’s model of CIR(ν) = A + Bν2
[S. N. Taraskin et al., Phys. Rev. Lett. 97, 055504 (2006)]. The linearity of CIR(ν) might require modification
of the second term of the model. The measured transverse sound velocity shows an apparent discontinuity with
the flattened mode observed in the inelastic neutron scattering study [N. Violini et al., Phys. Rev. B 85, 134204
(2012)] and suggests a coupling between the transverse acoustic and flattened modes.
DOI: 10.1103/PhysRevB.94.224204
I. INTRODUCTION
The boson peak (BP) is a universal feature of glassy
materials observed in the terahertz (THz) region, and it is
often regarded as the excess vibrational density of states g(ν)
(VDOS) [1]. The universal feature is recognized as a peak
in the spectrum of g(ν)/ν2, indicating a deviation from the
Debye model of the crystalline acoustic phonon system. The
BP in structural glasses is detectable by inelastic neutron (INS)
or x-ray (IXS) scattering, low-frequency Raman scattering
(LFRS), the low-temperature thermal properties, and also far-
infrared (IR) spectroscopy [2–5]. Numerous studies have been
done regarding the BP dynamics; however, the microscopic
origin is not yet fully understood. Furthermore, there have
been almost no recent THz spectroscopic studies of the BP
dynamics reported [6–10], in spite of advanced development
of the technique of the THz light source and detection.
To elucidate the origin of the BP of glassy materials,
significant experimental and theoretical studies have been done
over the past several decades. As experimental studies, INS
[11–16] and IXS [17–19] are the most powerful methods,
and an acoustic phononlike behavior and flattened dispersion
curves have been observed in many glasses [13–16]. Mean-
while, the LFRS technique can easily access the BP of not
only inorganic glasses but also organic glass formers due to
the unnecessary deuteration [20–24]. Regarding the thermal
properties, the low-temperature specific heat Cp [20,25–27]
shows the BP in Cp/T 3, and the thermal conductivity shows
a plateau in the corresponding temperature region [20,25].
Far-IR spectroscopy can also detect the BP, and several studies
have been reported using a high-pressure mercury lamp [2–5].
As theoretical approaches, there are several candidates,
such as the phonon-saddle transition [28] based on the
Euclidean random matrix theory [29], an approach from
the mode coupling theory [30], the soft-potential model
[31–33], the localized anharmonic modes of clusters [34], the
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hybridization of the local and acoustic modes [35,36], and
attribution to the transverse-acoustic (TA) van Hove singularity
of the corresponding crystal [37–40].
A recent important study of the inelastic nuclear scattering
for a sodium-iron silicate glass, Na2FeSi3O8.5, reported by
Chumakov et al. [41] revealed that the gradual transformation
of the BP to the TA van Hove singularity of the crystalline
state occurs. Other studies of a densified silica glass [42] and
amorphous iron [43] have also confirmed their approach.
As already mentioned, past researchers of far-IR spec-
troscopy have well recognized that the BP is detectable by
the IR method [2–5]; however, recent terahertz spectroscopy
researchers almost missed it and did not succeed in detecting
the BP, especially with terahertz time-domain spectroscopy
(THz-TDS). Recent researchers have regarded the BP as the
broad peak appearing in the imaginary part of the complex
dielectric constant ε′′(ν) in the THz region [44–46], although
the name of the broad peak has recently been changed to
the “VDOS peak” [47]. In order to understand how the BP
appears in the IR spectra, we must consider the following
relation derived from the linear response theory for disordered
materials [48]:
α(ν) = CIR(ν)g(ν), (1)
where α(ν) and CIR(ν) are the absorption coefficient and IR
light-vibration coupling coefficient, respectively [49]. We note
again that the BP appears in the g(ν)/ν2 spectra, indicating a
deviation from the Debye model for the three-dimensional
phonon system with a linear dispersion relation, and reexpress
Eq. (1) as follows:
α(ν)
ν2
= CIR(ν)g(ν)
ν2
. (2)
We can then understand that the BP in the IR spectra will
appear in the representation ofα(ν)/ν2 throughCIR(ν). Naftaly
and Miles [6] recognized this, and they represented the
BP as α(ν)/ν2, although this recognition has not spread to
other researchers in the fields of glass systems and THz
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spectroscopy. Recently, we pointed out that the BP in the sense
of α(ν)/ν2 is detectable by THz-TDS for the pharmaceutical
indomethacin (IMC) glass [8,9], which is one of the organic
glass formers; then some researchers noticed it [10] or
rerecognized the potential of the THz-TDS for detection of
the BP. Consequently, THz-TDS is a suitable technique to
detect the BP. As we will describe in this paper, the BP in
the IR spectra is derived from a universal and characteristic
structure of the complex dielectric constants.
Vitreous glucose is one of the hydrogen-bonded molecular
glass formers and a model substance for the study of the BP
dynamics because the BP frequency locates at approximately
1 THz [15], which is suitable for the THz-TDS having a
detector with a photoconductive antenna [8,50]. In addition,
Tg of vitreous glucose is about 310 K [51], slightly higher than
room temperature; therefore, we can perform the THz-TDS
measurement without a liquid cell, resulting in high-quality
complex dielectric spectra.
The structure of the glassy state of glucose has been
investigated by neutron scattering and NMR [52], and the
results revealed that the vitreous glucose includes both α- and
β-D-glucose molecules [53,54] at a ratio of about 1:1. Macro-
scopic investigations have been done regarding its density
[55], thermal expansion [56], viscosity [56,57], and fragility
[58]. In a broadband dielectric spectroscopic study [59–61] of
the liquid-glass transition, the α relaxation, JG-β relaxation
assigned as the Johari-Goldstein secondary relaxation, and
γ relaxation possibly originating from the hydrogen-bonding
scheme have been investigated [61]. Based on the THz-TDS
for the glassy state, Walther et al. observed a broad absorption
toward the higher frequency in the α(ν) spectra of the THz
region [62], although they were not aware of the existence of
the BP in their spectra. Furthermore, the observation of the BP
in vitreous glucose by LFRS has not yet been reported to the
best of our knowledge. From the INS study of Violini et al.
[15], an almost flat L mode and a dispersive H mode were
detected in the dynamic structure factor S(Q,ω) at about 6 and
20 meV, respectively, and the relation with the acoustic modes
has been discussed. A blurred and unclear BP in g(ν)/ν2 has
been observed at around 3 meV at room temperature, and the
BP energy is lower than the L-mode energy.
In this study, we perform THz-TDS on vitreous glucose and
detect the BP in the α(ν)/ν2 spectra and discuss the dynamics
of the complex dielectric constants. We also perform LFRS
to detect the BP and compare the results with the THz-TDS
results. In addition, as a novel approach to analyze the BP
dynamics by IR and Raman spectroscopies, we propose a
relative light-vibration coupling coefficient which is obtained
from the results of the combination of the THz-TDS and
LFRS. We also demonstrate that the approach is advantageous
for evaluation of the coupling coefficient without the VDOS
spectra. Finally, we determine the transverse sound velocity
from the Brillouin light scattering and find an anomaly of
the discontinuity between the TA mode and flattened L mode
observed in the previous INS study [15].
II. EXPERIMENT
D-(+)-Glucose, having a melting temperature of 423 K
[63], was purchased from Sigma-Aldrich. The glassy states of
glucose were prepared by melt quenching of the crystalline
powdered glucose from 473 K to room temperature of
293 K, which is below the glass transition temperature of
310 K [51], under normal atmospheric conditions. To avoid
caramelization, the times in the liquid state were kept as short
as possible, and the obtained samples were nearly colorless,
transparent glasses. The sample for THz-TDS is a disk-shaped
pellet with a diameter of about 15 mm and a thickness of
1.035 mm. All the samples used for the measurements were
prepared with the same procedure as much as possible.
THz-TDS with the low-temperature-grown GaAs photo-
conductive antennas for both the emitter and detector (RT-
10000, Tochigi Nikon Co.), covering the frequency range of
0.25–2.25 THz, was carried out using the standard trans-
mission configuration for the temperature-dependent mea-
surements. The temperature was varied from 14 to 320 K
using a liquid-helium flow cryostat system (Helitran LT-3B,
Advanced Research Systems) [8,50,64]. We employed the
Cherenkov-type MgO-doped LiNbO3 emitter (TAS7500SU,
Advantest Corp.) [8,64–66] for the room-temperature broad-
band measurement.
Confocal micro-Raman measurements were performed
with a depolarized backscattering geometry [67]. A frequency-
doubled diode-pumped solid-state (DPSS) Nd:yttrium-
aluminum-garnet laser oscillating in a single longitudinal
mode at 532 nm (Oxxius LMX-300S) was employed as the
excitation source. A home-built microscope with ultranarrow-
band notch filters (OptiGrate) was used to focus the excitation
laser and collect the Raman-scattered light. The scattered
light was analyzed by a single monochromator (Jovin-Yvon,
HR320, 1200 grooves/mm) equipped with a charge-coupled
device (CCD) camera (Andor, DU420).
The Brillouin scattering spectrum was measured using
a conventional tandem six-pass Fabry-Pe´rot interferometer
(TFP-1, JRS Co.) [68]. An ordinary photon-counting system
and a multichannel analyzer were used to accumulate the out-
put signals. A DPSS laser (Excelsior 532-300, SpectraPhysics)
at a wavelength of 532 nm was used as the excitation source.
A forward, symmetric-scattering geometry with an angle of
90◦ was used to measure the sound velocity without knowing
the refractive index.
III. RESULTS AND DISCUSSION
A. Boson peak detection by THz-TDS
Figure 1 shows the temperature dependence of the complex
dielectric constant ε(ν) of the vitreous glucose during the
heating process measured by the THz-TDS. At the lowest
temperature of 14 K, a resonancelike line shape structure
was observed in both the real ε′(ν) and imaginary ε′′(ν)
parts of the ε(ν). This resonancelike structure deviates from
both the damped harmonic oscillator (DHO) model and the
Debye relaxation model, and it is the universal feature of the
response function of the glassy materials in the THz region.
These behaviors were not pointed out or were assumed to be
experimental error in earlier studies of glassy materials by
THz-TDS [62,69]. The “resonancelike” in the spectra means
that the DHO model-like behavior appears only below about
1 THz, while above this frequency, the spectra become broad
224204-2
BOSON PEAK DYNAMICS OF GLASSY GLUCOSE STUDIED . . . PHYSICAL REVIEW B 94, 224204 (2016)
FIG. 1. Temperature dependence of (a) the real and (b) imaginary
parts of the complex dielectric constants of the vitreous glucose during
the heating process at 14, 20, . . . , 320 K. The data are plotted every
10 K above 20 K. For convenience, 1 THz = 33.3 cm−1 = 48 K =
4.14 meV.
and the resonancelike feature disappears. We note that the
crossover frequency exactly corresponds to the BP frequency
in the IR spectra. Regarding the temperature dependence,
with the increasing temperature during the heating process,
the values of ε′(ν) and imaginary ε′′(ν) in the low-frequency
region increase, and the resonancelike structure becomes
blurred, leading to softening of the peak position of ε′(ν).
These behaviors are caused by the appearance of several
relaxation processes in the low-frequency region related to
the liquid-glass transition; that is, the JG-β and γ relaxations
have influence below the Tg , and the α relaxation has influence
above Tg [61]. The excess wings of the relaxation processes
detected by THz-TDS have been discussed for the hydrogen-
bonded glass formers [47,70,71].
Figure 2 shows the spectra of α(ν)/ν2 that represent the
BP of the IR spectra. At the lowest temperature of 14 K, a
peak is clearly observed at 1.17 THz, and this is the BP in
the IR spectrum. The results of the selected temperatures are
listed in Table I. The BP shifts toward a low frequency as the
FIG. 2. Temperature dependence of the boson peak plot α(ν)/ν2
of the vitreous glucose during the heating process, at 14, 20, . . . ,
320 K. The data are plotted every 10 K above 20 K. For convenience,
α(ν) = νε′′(ν)2π/[cn′(ν)], where c and n′(ν) are the speed of light
and the refractive index, respectively.
temperature increases, and the line shape becomes broad. This
is mainly caused by the excess wings of the relaxation modes
seen in the ε′′(ν) spectra and might not be an intrinsic effect of
the BP behavior. We can now recognize that the resonantlike
behavior of ε(ν) shown in Fig. 1 appears only below the BP
frequency νBP−IR.
In summary, the universal behaviors of the THz spectra of
the glassy materials are the appearances of a resonancelike
line shape of ε(ν) below νBP−IR and a peak in the α(ν)/ν2
spectra, not in the α(ν) or ε′′(ν) spectra. It is worth noting
that, even at 14 K and below 0.5 THz, α(ν)/ν2 increases
toward the low frequency. The behavior might be related to
the nearly constant loss which is observed in the dielectric
constant measurements [72] for which the relevance to the
two-level system [73] is discussed. Although it goes beyond
this study, the THz-TDS can access such a low frequency and
a low-temperature universal excitation of the glass system.
B. Boson peak spectra in Raman scattering
Low-frequency Raman spectroscopy is well known as a
typical method to detect the BP [23,24], and we performed
LFRS on the vitreous glucose. The obtained depolarized
Raman spectra at 215 and 290 K are shown in Fig. 3(a). The
measured Raman intensity I (ν) is related to the imaginary
TABLE I. Measured and evaluated parameters of the vitreous
glucose at 290 and 215 K. The BP frequency of VDOS is calculated
as νBP−VDOS = 0.77νBP−Raman (see text). The correlation length of the
medium-range order is calculated as ξ = VTA/νBP−VDOS.
νBP−IR νBP−Raman νBP−VDOS VLA VTA
T (K) (THz) (THz) (THz) (m/s) (m/s) ξ ( ˚A)
290 1.00 1.10 0.85 3.84 × 103 9.82 × 102 13
215 1.08 1.24 0.95
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FIG. 3. (a) Raman intensity spectra of the vitreous glucose
during the heating process. (b) The imaginary part of the Raman
susceptibility χ ′′(ν). (c) The reduced Raman intensity Ired(ν) ∝
χ ′′(ν)/ν.
part of the Raman susceptibility χ ′′(ν) and the reduced Raman
intensity Ired(ν) by the following equation [74,75]:
Ired(ν) ≡ I (ν)
ν(n(ν) + 1) ∝
χ ′′(ν)
ν
, (3)
where n(ν) = [exp(hν/kBT ) − 1]−1 is the Bose-Einstein dis-
tribution function. As shown in Figs. 3(a) and 3(c), both the
I (ν) and Ired(ν) spectra at 290 K show the BP at about 1.1
THz, which is slightly higher than νBP−IR at 290 K. The results
of the BP frequencies are listed in Table I. These Raman
spectra [I (ν), χ ′′(ν), and Ired(ν)] are related to the VDOS in
the disordered system by the following equation [48,49,76,77]:
Ired(ν) ∝ χ
′′(ν)
ν
= CRaman(ν)g(ν)
ν2
, (4)
where CRaman(ν) is the Raman light-vibration coupling coef-
ficient. The BP of the Raman spectra is often referred to as
a peak of Ired(ν), i.e., χ ′′(ν)/ν, or the directly measured raw
spectra I (ν). Therefore, the χ ′′(ν) spectra does not show a peak
at the BP frequency νBP−Raman at any temperature, as shown in
Fig. 3(b), and this situation is almost the same as ε′′(ν) of the
IR spectra. Consequently, the BP in the Raman spectra is not
a peak from the optical phononlike mode but is derived from
the characteristic structure of χ ′′(ν) of the glassy materials in
the THz region.
We explain the reason for the appearance of the BP in
the raw Raman intensity spectra I (ν) because it often seems
confusing to new LFRS researchers. For clarity, we reexpress
Eq. (3) as follows:
I (ν) ∝ [n(ν) + 1]χ ′′(ν). (5)
At room temperature, the BP frequency region (about 1 THz) is
well below the frequency corresponding to room temperature
(300 K, ∼6 THz). Hence, n(ν) + 1 at around the BP frequency
is approximated by ν−1. As a result, I (ν) becomes approxi-
mately χ ′′(ν)/ν, and it is the reason for the similarity with
Ired(ν). Therefore, the boson peak in I (ν) generally disappears
at a sufficiently low temperature compared to the BP frequency
energy, although the BP of Ired(ν) shows almost no temperature
dependence. In other words, the peak of I (ν) is a result of
the high-temperature approximation for the quantum statistics
of the Raman scattering processes regarding the nonresonant
characteristic and universal structure of χ ′′(ν) around the BP
frequency.
C. Relative light-vibration coupling coefficient
The IR and Raman spectroscopies are indirect methods for
accessing the VDOS, especially the BP, although, conversely,
they have advantages as methods for the selective detection
of those states. Therefore, in order to evaluate the interaction
between light and materials in the vicinity of the BP frequency,
it is crucial to understand the light-vibration coupling coeffi-
cients [7,24,48,76].
Figure 4(a) shows CIR(ν) and CRaman(ν) of the vitreous
glucose at room temperature obtained using Eqs. (1), (3), and
the VDOS data extracted from Violini et al.’s study [15]. Note
that g(ν) is determined by the hydrogenated sample in the INS
study [15], and the sample is nominally identical to that of the
present study. Both CIR(ν) and CRaman(ν) show almost linear
frequency dependences around the BP frequency.
Taraskin et al. proposed a model [7] in which CIR(ν) = A +
Bν2 below the Ioffe-Regel crossover frequency, where A and
B are constants depending on the substances. The frequency-
independent term A is due to uncorrelated static charge
fluctuations caused by medium- and long-range structural
irregularities [7]. On the other hand, the quadratic frequency-
dependent termBν2 results from correlated charge fluctuations
caused by structural disorder on the short-range (interatomic)
scale, satisfying the local neutrality [7]. This model was
evaluated for several oxide glasses using THz-TDS [7,78];
however, systematic investigations for various glasses have
not yet been done. On the other hand, CRaman(ν) in the vicinity
of the BP frequency has been well investigated by both exper-
imental and theoretical approaches [24,34,76,79]. Surovtsev
and Sokolov [24] empirically classified CRaman(ν) into two
categories: type I is CRaman(ν) = A′(ν + 0.5νBP−VDOS), and
type II is CRaman(ν) = A′′ν, where A′ and A′′ are constants.
Our obtained results for CRaman(ν) are assigned as type I,
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FIG. 4. (a) The IR and Raman light-vibrational coupling coeffi-
cients [CIR(ν) and CRaman(ν)] of the vitreous glucose at 290 K. (b)
Relative light-vibrational coupling coefficient CIR(ν)/CRaman(ν) =
α(ν)/(νχ ′′(ν)) at 290 and 215 K. (c) Calculated CIR(ν) of vitreous
glucose at 215 K, assuming CRaman(ν) is A′(ν + 0.5νBP−VDOS). The
solid line is the fitting result (see text).
and the ratio of the BP frequency of VDOS νBP−VDOS to
νBP−Raman becomes about 0.77 [24,80]. Therefore, νBP−VDOS
is estimated to be about 0.85 THz for the vitreous glucose at
room temperature, although the BP does not clearly appear in
the INS spectra [15] due to the contribution of the relaxation
processes near the Tg .
Regarding CIR(ν) at 290 K shown in Fig. 4(a), our result
shows the linear frequency dependence even below νBP−IR, and
it seems to deviate from Taraskin’s model. However, because
room temperature is near Tg of glucose, the spectrum of ε(ν) is
a superposition of the VDOS peak and the excess wings [61].
Taraskin’s model does not account for the relaxation modes.
Although the dominant contribution is the VDOS peak at
290 K, as shown in Figs. 2 and 3(b), CIR(ν) should be evaluated
at a sufficiently low temperature below Tg . The recent THz-
TDS and LFRS can easily obtain high-quality spectra, and
the measurement time has been decreasing with developing
detection techniques, for instance, the asynchronous optical
sampling system for the fast scan THz-TDS [65,66] and the
CCD sensor and ultranarrowband notch filter for LFRS [67].
They enable the systematic study of the coupling coefficients,
as shown below.
We now propose an analytical approach to evaluate the
coupling coefficients without the VDOS spectra. We divide
Eq. (2) by Eq. (3) to eliminate the g(ν) term and obtain the
following relation:
α(ν)
νχ ′′(ν) =
CIR(ν)
CRaman(ν)
. (6)
We call CIR(ν)/CRaman(ν) the relative light-vibration coupling
coefficient (RCC), which can be obtained from the combina-
tion of α(ν) and χ ′′(ν), which are experimentally determined.
Figure 4(b) shows the RCC of the vitreous glucose obtained
from our THz-TDS and LFRS data using Eq. (6). The RCC at
215 K shows an increase toward the low frequency below the
BP frequency, and the behavior indicates that νBP−IR is lower
than νBP−Raman.
In this context, we attempted to calculate CIR(ν) =
α(ν)/[νχ ′′(ν)]CRaman(ν) assuming the specific form of
CRaman(ν) = A′(ν + 0.5νBP−VDOS) [24], and the results are
shown in Fig. 4(c). The calculated CIR(ν) show the same
linearity as the room temperature results, and the behavior
deviates from A + Bν2 within the experimental error. The
curling of the calculated CIR(ν) below 0.5 THz is due to the
relaxation process, as pointed out in Fig. 2. CIR(ν) of 215 K is
well fitted by a linear function of ν + 0.83νBP−VDOS between
0.57 and 2.1 THz. With careful consideration about the results
at both room temperature and 215 K, we concluded that CIR(ν)
of the vitreous glucose has a linearity even below νBP−VDOS,
showing a deviation from Taraskin’s model.
We speculate about the possible origin of the deviation.
The linearity means a discrepancy from the second term,
Bν2, of the model. However, to derive the second term, the
model assumes a simple dispersion relation of ω = Q, and the
square of the relation leads to the squared frequency-dependent
term [7]. Therefore, there might be a possibility that a more
realistic dispersion relation including the damping of the TA
mode, especially in the vicinity of the BP, would produce the
linear frequency dependence of CIR(ν). As another possibility,
a breakdown of the approximation formula α(ν) = CIR(ν)g(ν)
would be possible (see [49]).
We also propose a possible category of CIR(ν) with a
linearity. In the studies of vitreous sorbitol [10,19], which
is one of the hydrogen-bonded glass formers, the discrepancy
between νBP−VDOS (1.1 THz) [19] and νBP−IR (1.5 THz) [10]
has been pointed out [10]. The results suggest that CIR(ν)
of the sorbitol glass might be categorized in the same group
as vitreous glucose. Similar tendencies are also found in
other polyhydric alcohols [12,23,71]. In vitreous glycerol
[12,23,71], νBP−IR/νBP−VDOS ∼ 1.5, and νBP−IR/νBP−Raman ∼
1.0. This indicates that these polyhydric alcohols [71] have a
linear frequency dependence on CIR(ν). On the other hand,
the pharmaceutical IMC glass, which is also a hydrogen-
bonded organic glass, shows a significant discrepancy between
νBP−IR [8,9] and νBP−Raman [8,9,81], and νBP−IR/νBP−Raman ∼
0.6 [8,9,81]. The different tendency of the ratio from the
polyhydric alcohols suggests that CIR(ν) of IMC will obey
Taraskin’s model. Taking into account these results, the
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FIG. 5. Brillouin scattering spectrum of the vitreous glucose
with 90◦ scattering geometry at room temperature. LA denotes the
longitudinal-acoustic mode. The solid line shows the fitting curve
which consists of superposition of Voigt functions.
number of intermolecular hydrogen bonds might affect the
frequency dependence of CIR(ν). Although we propose the
possible origins and category of the linear CIR(ν), these issues
remain open questions.
Following the behavior of the obtained CIR(ν), we re-
considered the resonancelike behavior of ε(ν) below the BP
frequency shown in Fig. 1. Below the BP frequency, which
corresponds to the phonon regime [1], the constant term
of CIR(ν) is dominant, and it produces the scaling relation
between g(ν) and α(ν), resulting in the linearity for ε′′(ν).
On the other hand, above the BP frequency, the dominant
part of CIR(ν) changes to a linear dispersion, resulting in the
similarity between g(ν) and ε′′(ν), where a bump exists in
ε′′(ν). Therefore, ε′′(ν) universally has an inflection point at
around the BP frequency, showing a crossover from a negative
to a positive value of the second derivative of ε′′(ν) toward
high frequency, and the inflection point results in a peak in the
ε′′(ν)/ν or α(ν)/ν2 spectra.
Consequently, the absorption band in the THz region
derived from the acoustic phonon regime and the bump in
g(ν) around the BP produce the resonantlike behavior in
the complex response function for the glass system. These
processes occur only when the system loses its translational
symmetry; therefore, such a behavior is not observed in the
crystal but appears in the glass system as the universal feature
of the THz region.
D. Correlation length of the medium-range order
and pseudo-Brillouin zone
Finally, we discuss the medium-range order (MRO) and
pseudo-Brillouin zone (pBZ) of vitreous glucose [15]. We
determined the sound velocities of the transverse (VTA)
and longitudinal (VLA) acoustic phonons by Brillouin light
scattering (BLS) spectroscopy with a 90◦ scattering geometry
configuration. Figure 5 shows the obtained Brillouin spectrum
of the vitreous glucose at room temperature, and it results in a
VTA of 9.82 × 102 m/s and a VLA of 3.84 × 103 m/s. To assess
the correlation length of the MRO ξ , we employed the relation
of ξ = VTA/νBP−VDOS, which is often used in the integrated
spectroscopy of LFRS and BLS for glassy materials [24,34].
The calculated ξ becomes 13 ˚A. Assuming the shape of the
MRO is cubic, the volume of the MRO is calculated to be
ξ 3 = 2.0 × 103 ˚A3, which is about 2.7 times greater than that
of the crystalline α- or β-D-glucose [53,54], and the MRO
contains about 11 glucose molecules [55].
FIG. 6. (a) Dispersion relations of L and H modes of the deuterated vitreous glucose [15]. Data depicted are from Ref. [15]. The vertical
dashed line indicates the position of the first peak of the static structure factor S(Q) [15]. (b) Vibrational density of states g(ν) and g(ν)/ν2
of the hydrogenated vitreous glucose [15]. Data depicted are from Ref. [15]. (c) Imaginary part of the complex dielectric constant ε′′(ν) and
α(ν)/ν2 of vitreous glucose at room temperature. (d) Imaginary part of the Raman susceptibility χ ′′(ν) and χ ′′(ν)/ν of vitreous glucose at room
temperature.
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In this context, it is important to compare our results with
the INS work done by Violini et al. [15]. Figures 6(a) and 6(b)
show the dispersion relation and VDOS, respectively, and the
data are extracted from Ref. [15]. In the dispersion relation, a
low-lying flattened mode, called the L mode around 5–7 meV
(1.2–1.7 THz), and a high-frequency mode, called the H mode,
with a maximum of about 22 meV (5.5 THz), are observed. The
vertical dashed line indicates the position of the first peak of the
static structure factor S(Q) [15]. Note that Violini et al. did not
assign it as the first sharp diffraction peak in their paper [15]. As
shown in Fig. 6(b), g(ν) shows a broad and shoulderlike peak
at about 7 meV, which might reflect mainly the structure of the
flattened L mode [15]. On the other hand, g(ν)/ν2 shows only
a slope at 7 meV, and a blurred peaklike structure at around
3 meV (0.7 THz) corresponding to νBP−VDOS was evaluated
from our results (horizontal dotted line). Regarding the lower
value of νBP−VDOS compared with the L-mode frequency, it is
naturally understood considering the following. Generally, the
longitudinal current spectra CL(Q,ω) are proportional to the
dynamic structure factor multiplied by the squared angular
frequency ω2S(Q,ω) [40,77], and the resonant frequency
of the DHO model corresponds to the peak frequency of
CL(Q,ω). When the damping of the DHO mode is small, the
peak frequencies of CL(Q,ω) and S(Q,ω) match. However,
large damping results in a decrease of the peak frequency
of S(Q,ω) larger than that of CL(Q,ω). Here g(ν) and
g(ν)/ν2 correspond to the Q integral of CL(Q,ω) and S(Q,ω),
respectively. Therefore, νBP−VDOS becomes lower than the
L-mode frequency due to the large damping. Similar results
were observed in the recent INS study about glassy SiSe2 [16].
We present our IR and Raman results in Figs. 6(c) and
6(d) and VTA and VLA in Fig. 6(a) as dashed and solid lines,
respectively. The similarity with g(ν) and ε′′(ν) or χ ′′(ν) is
clear, and the shoulderlike peak around 7–8 meV for both
ε′′(ν) and χ ′′(ν) might have originated from the entire structure
of the VDOS, especially from the flat L mode in vitreous
glucose.
Regarding the size of the pBZ, we have estimated
QBP−VDOS = 2π/ξBP−VDOS as 0.50 ˚A−1, as indicated by the
arrow in Fig. 6(a). However, the extrapolated dispersion curve
of the TA mode from our results of the BLS [solid line in
Fig. 6(a)] shows an apparent discontinuity with the flattened
L mode, although the LA mode from the results of the BLS
[long-dashed line in Fig. 6(a)] and the H mode are in good
agreement. Moreover, the extrapolated TA mode from our BLS
result reaches the L mode at about 1.0 ˚A−1. One possibility
to explain the observed VTA and L-mode behavior might be a
hybridization of the TA mode and the flat L mode. This would
result in a large broadening of the TA mode, and therefore, the
TA mode might possibly not have appeared as a peak in the
INS work [15]. It is worth noting that the momentum transfer
of the Ioffe-Regel crossover of the H mode is about 1.0 ˚A−1,
where the H mode shows a maximum [15]. Consequently, if
the above speculation is correct, our observation of VTA by
BLS seems to be totally consistent with both the L and H
modes. In addition, the H mode shows an anomalous kink
at around 0.6 ˚A−1 with a frequency of about 2.6 THz. It is
worth noting that the crystalline α-D-glucose shows strong
optic modes in the  point at 1.4 and 2.6 THz [62], and
these frequencies correspond to the flattened L mode and the
anomaly point of the H mode, respectively. A more detailed
comparison with the crystalline system and further investiga-
tion of the dynamic structure of the lower Q region will be
required.
IV. CONCLUSIONS
We performed the THz-TDS, LFRS, and BLS on vitreous
glucose to investigate the universal BP dynamics. In the spectra
of α(ν)/ν2, the BP is clearly observed at around 1.1 THz, and
it is shown that the THz-TDS is suitable to detect the BP. The
complex dielectric constants show a universal resonantlike
behavior below νBP−IR, resulting from the combination of
the interaction between the light and acoustic phonon in the
disordered material and the bump of the VDOS around the BP
frequency. We note again that the BP in the Raman spectra is
not a peak in χ ′′(ν) but in χ ′′(ν)/ν. The relative light-vibration
coupling coefficient CIR(ν)/CRaman(ν) was proposed, which
is obtainable from the experimental spectra of α(ν) and
χ ′′(ν) without g(ν). CIR(ν) of vitreous glucose was calculated
assuming the specific form of CRaman(ν) is proportional to
ν + 0.5νBP−VDOS [24], and it shows a linearity and deviates
from Taraskin’s model [7]. Although we pointed out several
possibilities for the origin and categorization of the linear
CIR(ν), these problems remain open questions, and further
investigations are required for not only vitreous glucose but
also the whole glass system. From the BLS results, we found a
discontinuity between the measured TA mode and the flattened
L mode [15], which suggests the coupling of these modes.
Based on a comparison between our results and the INS
study [15], the behaviors of ε′′(ν), χ ′′(ν), and g(ν) are totally
consistent. The integrated THz-band spectroscopy, i.e., the
combination of THz-TDS, LFRS, and BLS, is effective for the
systematic investigation of the universal THz dynamics of a
glass system as a complementary method of the INS and IXS.
The re-recognition of the detection of the BP by far-infrared
spectroscopy will become a significant key to elucidate the
nature of the boson peak dynamics.
ACKNOWLEDGMENTS
The authors are grateful to Y. Matsuda for the crucial idea
and advice about the BP detection by THz-TDS. T.M. is
grateful to M. Matsuura for the kind advice about interpretation
of the INS experiment. T.M. is grateful to S. Kohara for the
fruitful discussion about interpretation of the S(Q). T.M. is
grateful to T. Kashiwagi for the heartfelt discussion about
making the manuscript. The authors are grateful to T. Shibata,
S. Koda, and Y. Hashimoto for the technical advice about
the sample preparation and fruitful discussions. The authors
are grateful for the technical support for the broadband
THz-TDS measurements by the Advantest Corporation. This
work was partially supported by JSPS KAKENHI Grants
No. 24740194 and No. 26287067, the Nippon Sheet Glass
Foundation for Materials Science and Engineering, the Murata
Science Foundation, and the National Research Foundation of
Korea (NRF) grant funded by the Korean government (MSIP;
Grant No. NRF-2016R1A2B4012646).
224204-7
KABEYA, MORI, FUJII, KOREEDA, LEE, KO, AND KOJIMA PHYSICAL REVIEW B 94, 224204 (2016)
[1] T. Nakayama, Rep. Prog. Phys. 65, 1195 (2002).
[2] K. Matsuishi, S. Onari, and T. Arai, Jpn. J. Appl. Phys. 25, 1144
(1986).
[3] K. W. Hutt, W. A. Phillips, and R. J. Butcher, J. Phys. Condens.
Matter 1, 4767 (1989).
[4] T. Ohsaka and T. Ihara, Phys. Rev. B 50, 9569 (1994).
[5] T. Ohsaka and S. Oshikawa, Phys. Rev. B 57, 4995 (1998).
[6] M. Naftaly and R. E. Miles, J. Non-Cryst. Solids 351, 3341
(2005).
[7] S. N. Taraskin, S. I. Simdyankin, S. R. Elliott, J. R. Neilson, and
T. Lo, Phys. Rev. Lett. 97, 055504 (2006).
[8] T. Shibata, T. Mori, and S. Kojima, Spectrochim. Acta A 150,
207 (2015).
[9] S. Kojima, T. Mori, T. Shibata, and Y. Kobayashi, Pharm. Anal.
Acta 6, 401 (2015).
[10] J. Sibik and J. A. Zeitler, Philos. Mag. 96, 842 (2016).
[11] U. Buchenau, M. Prager, N. Nu¨cker, A. J. Dianoux, N. Ahmad,
and W. A. Phillips, Phys. Rev. B 34, 5665 (1986).
[12] O. Yamamuro, K. Harabe, T. Matsuo, K. Takeda, I. Tsukushi,
and T. Kanaya, J. Phys. Condens. Matter 12, 5143 (2000).
[13] M. Nakamura, M. Arai, T. Otomo, Y. Inamura, and S. M.
Bennington, J. Non-Cryst. Solids 293-295, 377 (2001).
[14] L. Orsingher, G. Baldi, A. Fontana, L. E. Bove, T. Unruh, A.
Orecchini, C. Petrillo, N. Violini, and F. Sacchetti, Phys. Rev. B
82, 115201 (2010).
[15] N. Violini, A. Orecchini, A. Paciaroni, C. Petrillo, and F.
Sacchetti, Phys. Rev. B 85, 134204 (2012).
[16] M. Zanatta, A. Fontana, A. Orecchini, C. Petrillo, and F.
Sacchetti, J. Phys. Chem. Lett. 4, 1143 (2013).
[17] G. Baldi, V. M. Giordano, G. Monaco, and B. Ruta, Phys. Rev.
Lett. 104, 195501 (2010).
[18] G. Baldi, V. M. Giordano, and G. Monaco, Phys. Rev. B 83,
174203 (2011).
[19] B. Ruta, G. Baldi, F. Scarponi, D. Fioretto, V. M. Giordano, and
G. Monaco, J. Chem. Phys. 137, 214502 (2012).
[20] W. A. Phillips, Amorphous Solids: Low-Temperature Properties
(Springer, Berlin, 1981).
[21] R. J. Nemanich, Phys. Rev. B 16, 1655 (1977).
[22] V. K. Malinovsky and A. P. Sokolov, Solid State Commun. 57,
757 (1986).
[23] S. Kojima, Phys. Rev. B 47, 2924 (1993).
[24] N. V. Surovtsev and A. P. Sokolov, Phys. Rev. B 66, 054205
(2002).
[25] R. C. Zeller and R. O. Pohl, Phys. Rev. B 4, 2029 (1971).
[26] G. Baldi, G. Carini, Jr., G. Carini, A. Chumakov, R. D. Maschio,
G. D’Angelo, A. Fontana, E. Gilioli, G. Monaco, L. Orsingher,
B. Rossi, and M. Zanatta, Philos. Mag. 96, 754 (2016).
[27] G. Carini, Jr., G. Carini, D. Cosio, G. D’Angelo, and F. Rossi,
Philos. Mag. 96, 761 (2016).
[28] T. S. Grigera, V. Martı´n-Mayor, G. Parisi, and P. Verrocchio,
Nature (London) 422, 289 (2003).
[29] T. S. Grigera, V. Martı´n-Mayor, G. Parisi, and P. Verrocchio,
J. Phys. Condens. Matter 14, 2167 (2002).
[30] W. Go¨tze and M. R. Mayr, Phys. Rev. E 61, 587 (2000).
[31] D. A. Parshin, Phys. Scr. T49A, 180 (1993).
[32] V. L. Gurevich, D. A. Parshin, and H. R. Schober, Phys. Rev. B
67, 094203 (2003).
[33] D. A. Parshin, H. R. Schober, and V. L. Gurevich, Phys. Rev. B
76, 064206 (2007).
[34] E. Duval, A. Boukenter, and T. Achibat, J. Phys. Condens. Matter
2, 10227 (1990).
[35] T. Nakayama, Phys. Rev. Lett. 80, 1244 (1998).
[36] M. I. Klinger and A. M. Kosevich, Phys. Lett. A 280, 365 (2001).
[37] W. Schirmacher, G. Diezemann, and C. Ganter, Phys. Rev. Lett.
81, 136 (1998).
[38] S. N. Taraskin and S. R. Elliott, J. Phys. Condens. Matter 11,
A219 (1999).
[39] S. N. Taraskin, Y. L. Loh, G. Natarajan, and S. R. Elliott, Phys.
Rev. Lett. 86, 1255 (2001).
[40] O. Pilla, S. Caponi, A. Fontana, J. Goncalves, M. Montagna, F.
Rossi, G. Viliani, L. Angelani, G. Ruocco, G. Monaco, and F.
Sette, J. Phys. Condens. Matter 16, 8519 (2004).
[41] A. I. Chumakov et al., Phys. Rev. Lett. 106, 225501 (2011).
[42] A. I. Chumakov et al., Phys. Rev. Lett. 112, 025502 (2014).
[43] A. I. Chumakov, G. Monaco, X. Han, L. Xi, A. Bosak, L.
Paolasini, D. Chernyshov, and V. Dyadkin, Philos. Mag. 96,
743 (2015).
[44] P. G. Wolynes and V. Lubchenko, Structural Glasses and
Supercooled Liquids (Wiley, Hoboken, NJ, 2012).
[45] S. Kojima, M. W. Takeda, and S. Nishizawa, J. Mol. Struct.
651-653, 285 (2003).
[46] T. Mori, H. Igawa, D. Okada, Y. Yamamoto, K. Iwamoto, N.
Toyota, and S. Kojima, J. Mol. Struct. 1090, 93 (2015).
[47] E. P. J. Parrott and J. A. Zeitler, Appl. Spectrosc. 69, 1 (2015).
[48] F. L. Galeener and P. N. Sen, Phys. Rev. B 17, 1928 (1978).
[49] Note that both α(ν) = CIR(ν)g(ν) and νχ ′′(ν) = CRaman(ν)g(ν)
are approximation formulas from α(ν) =∑CIR,i(ν)gi(ν) and
νχ ′′(ν) =∑CRaman,i(ν)gi(ν), respectively [48]. The subscript i
indicates the index of the eigenmodes of the disordered system
[48]. These approximation formulas should be carefully treated,
considering the limit of application, e.g., the frequency range.
[50] M. A. Helal, T. Mori, and S. Kojima, Appl. Phys. Lett. 106,
182904 (2015).
[51] R. Wungtanagorn and S. J. Schmidt, J. Therm. Anal. Calorim.
65, 9 (2001).
[52] R. H. Tromp, R. Parker, and S. G. Ring, J. Chem. Phys. 107,
6038 (1997).
[53] G. M. Brown and H. A. Levy, Acta Crystallogr., Sect. B 35, 656
(1979).
[54] S. C. Chu and G. A. Jeffrey, Acta Crystallogr., Sect. B 24, 830
(1968).
[55] G. S. Parks, H. M. Huffman, and F. R. Cattoir, J. Phys. Chem.
32, 1366 (1928).
[56] G. S. Parks, L. E. Barton, M. E. Spagt, and J. W. Richardson,
J. Appl. Phys. 5, 193 (1934).
[57] A.-L. Ollett and R. Parker, J. Texture Stud. 21, 355 (1990).
[58] C. A. Angell, R. D. Bressel, J. L. Green, H. Kanno, M. Oguni,
and E. J. Sare, J. Food Eng. 22, 115 (1994).
[59] R. K. Chan, K. Pathmanathan, and G. P. Johari, J. Phys. Chem.
90, 6358 (1986).
[60] T. R. Noel, S. G. Ring, and M. A. Whittam, J. Phys. Chem. 96,
5662 (1992).
[61] E. Kaminski, E. Kaminska, M. Paluch, J. Ziolo, and K. L. Ngai,
J. Phys. Chem. B 110, 25045 (2006).
[62] M. Walther, B. M. Fischer, and P. U. Jepsen, Chem. Phys. 288,
261 (2003).
[63] M. Hurtta, I. Pitkanen, and J. Knuutinen, Carbohydr. Res. 339,
2267 (2004).
224204-8
BOSON PEAK DYNAMICS OF GLASSY GLUCOSE STUDIED . . . PHYSICAL REVIEW B 94, 224204 (2016)
[64] H. Igawa, T. Mori, and S. Kojima, Jpn. J. Appl. Phys. 53, 05FE01
(2014).
[65] T. Mori, H. Igawa, and S. Kojima, IOP Conf. Ser.: Mater. Sci.
Eng. 54, 012006 (2014).
[66] S. Kojima, T. Shibata, H. Igawa, and T. Mori, IOP Conf. Ser.:
Mater. Sci. Eng. 54, 012001 (2014).
[67] Y. Fujii, D. Katayama, and A. Koreeda, Jpn. J. Appl. Phys. 55,
10TC03 (2016).
[68] J. H. Ko, M. S. Jeong, B. W. Lee, J. H. Kim, Y. H. Ko, K. J. Kim,
T. H. Kim, S. Kojima, and M. Ahart, Korean J. Opt. Photonics
24, 279 (2013).
[69] D. Grischkowsky, S. Keiding, M. van Exter, and C. Fattinger,
J. Opt. Soc. Am. B 7, 2006 (1990).
[70] J. Sibik, E. Y. Shalaev, and J. A. Zeitler, Phys. Chem. Chem.
Phys. 15, 11931 (2013).
[71] J. Sibik, S. R. Elliott, and J. A. Zeitler, J. Phys. Chem. Lett. 5,
1968 (2014).
[72] D. L. Sidebottom and C. M. Murray-Krezan, Phys. Rev. Lett.
89, 195901 (2002).
[73] W. A. Phillips, J. Low Temp. Phys. 7, 351 (1972).
[74] W. Hayes and R. Loudon, Scattering of Light by Crystals (Wiley,
New York, 1978).
[75] S. N. Yannopoulos, K. S. Andrikopoulos, and G. Ruocco,
J. Non-Cryst. Solids 352, 4541 (2006).
[76] R. Shuker and R. W. Gammon, Phys. Rev. Lett. 25, 222
(1970).
[77] W. Schirmacher, T. Scopigno, and G. Ruocco, J. Non-Cryst.
Solids 407, 133 (2015).
[78] E. P. J. Parrott, J. A. Zeitler, G. Simon, B. Hehlen, L. F. Gladden,
S. N. Taraskin, and S. R. Elliott, Phys. Rev. B 82, 140203(R)
(2010).
[79] E. Duval, N. Garcia, A. Boukenter, and J. Seruhetti, J. Chem.
Phys. 99, 2040 (1993).
[80] K. Nakamura, Y. Takahashi, N. Terakado, M. Os-
ada, and T. Fujiwara, Jpn. J. Appl. Phys. 54, 088003
(2015).
[81] A. He´doux, L. Paccou, Y. Guinet, J.-F. Willart, and M.
Descamps, Eur. J. Pharm. Sci. 38, 156 (2009).
224204-9
